The effect of Mg2+ on in vitro production of extracellular proteins and, specifically, of toxic shock syndrome toxin-i (TSST-1), by Staphylococcus aureus in a chemically defined medium was examined. As previously observed, the organisms did not proliferate in the absence of divalent cations. Low levels of Mg2+ (0.02 to 0.04 mM) permitted submaximal proliferation and elevated production of exoproteins. When the Mg2+ concentration was raised to 0.4 mM, multiplication was optimal and exoprotein levels were depressed. Ca2+ and Mn2+ diminished the effect of limiting Mg2+. The increased levels of exoproteins were not due to cell lysis or leakage since intracellular TSST-1 levels were not high enough to account for the increase in extracellular TSST-1 and since the intracellular enzyme, lactate dehydrogenase, was not found in culture supernatants. Cells cultured in low levels of Mg2+ remained in logarithmic growth longer than did those cultured in high concentrations of Mg2+ and, unlike the latter, produced exoproteins throughout the logarithmic growth phase. Low Mg2+ had no effect on cultures in the stationary phase, and organisms cultured in low Mg2+ recovered fully when transferred to high Mg2+. We conclude that, when cultured in medium deficient in Mg2+, S. aureus responds early in the growth cycle by increasing production of many extracellular proteins, including TSST-1.
Toxic shock syndrome (TSS) toxin-1 (TSST-1) is an extracellular protein produced by many strains of Staphylococcus aureus isolated from patients with TSS (2, 3) . Recent work from several laboratories has shown that although TSST-1 is produced by most strains of S. aureus from menstrually related TSS, about 40% of S. aureus strains from other TSS cases do not make the toxin (17) . Nevertheless, the ability of this protein to induce a variety of toxic effects both in vitro (15, 20) and in vivo (1, 10, 18 ) has led to a general acceptance of some role for TSST-1 in the pathophysiology of TSS.
Preliminary work from our laboratory (14) indicated that production of TSST-1 in vitro was greatly enhanced by cultivation of S. aureus in Mg2 -deficient medium. Moreover, certain fibers used in the production of tampons were found to bind Mg2+, potentially reducing the amount available to the organisms. The mechanism by which Mg2+ influences production of this toxin requires systematic investigation. The present study was undertaken, as the first step in this objective, to characterize in detail the effect of Mg2+ on the production of TSST-1 by S. aureus.
MATERIALS AND METHODS
Cultivation of bacteria. S. aureus strain MN8 was kindly supplied by P. Schlievert (University of Minnesota, Minneapolis). S. aureus strains 587 and 033 and all strains beginning with D or F were obtained from A. Reingold from the Centers for Disease Control. Strains SA19 and SA20 were vaginal isolates from healthy women. All other strains were obtained from patients at the Beth Israel Hospital, Boston, Mass. All experiments were carried out using the chemically defined medium (CDM) described by Van Ten milliliters of CDM was added to each 25-ml Erlenmeyer flask and inoculated with 10 ,ul (_106 CFU) of S. aureus selected from colonies on blood agar plates and suspended in Mg2+-free CDM. Identical results were obtained when organisms were first subcultured in CDM for 24 h (Table 1) . Cultures were incubated at 37°C in a shaking water bath (model 125; Fisher Scientific Co., Pittsburgh, Pa.) for 24 h. After incubation, aliquots were removed for colony counts, and the organisms were removed by centrifugation in the cold at 1,400 x g for 30 min. The supernatants were filtered through 0.45-,um-pore filters.
Measurement of TSST-1. TSST-1 levels in cell lysates and culture supernatants were measured by an enzyme-linked immunosorbent assay as previously described (16) . Magnesium sulfate (0.4 mM) was added to the PBS-Tween (Sigma Chemical Co., St. Louis, Mo.) buffer used in the assay.
Measurement of extracellular protein. Aliquots of 1 ml of filtered culture supernatants were combined with an equal volume of 10% trichloroacetic acid (TCA) and left at 4°C for 18 h or placed on ice for 1 h. After centrifugation at 1,400 x g for 15 min and two washes with 10% TCA, the precipitates were dissolved in 4.0 ml of 2% Na2CO3-0.02% KNaC4H406-0.01% CuS04 in 0.1 N NaOH. Protein determinations were then carried out by the method of Lowry et al. (11) , using bovine serum albumin as a standard. (Fig. 1) . None of the other metals, tested individually, were as effective in restoring multiplication as was Mg", although Cal' alone did permit some multiplication of the organisms to levels substantially lower than those achieved with Mg . While Mn> and Fe2+ were partially effective at lower concentrations, both were inhibitory to growth at higher concentrations. The Ca>2, Fe>2, and Mn>2 solutions used for these studies contained 0.03, 0.007, and 0.008% Mg2+, respectively. This degree of contamination might account for the minimal effectiveness of the higher concentrations of calcium in supporting growth of the cultures. Figure 2 shows the effects of Fe>, Mn>, and Ca> on proliferation of S. aureus cultured in the presence of low (0.02 mM) or high (1.00 mM) concentrations of Mg2+. At low levels of Mg2+, CFUs increased in a concentrationdependent manner when Ca2+, and to a lesser extent Mn,2+
were added. Neither of the latter ions, however, had any effect in the presence of higher levels of Mg2+. In contrast to the magnesium-free experiment (Fig. 1) , when Mg2+ was present at low levels, higher concentrations of Mn2+ did not decrease proliferation; Fe2+ was still somewhat inhibitory at concentrations above 0.009 mM (Fig. 2 ) and completely inhibitory above 0.09 mM (data not shown). Since bacterial multiplication occurred in the absence of added Fe2+ ( Organisms (approximately 106 in 10 ,ul) were prepared as described in the text and were inoculated into glass tubes (18 by 150 mm) containing 5 ml of CDM with the indicated metal ion. The tubes were loosely capped and were incubated in a 37°C shaking water bath for 24 h. The optical density at 650 nm (OD650) was measured before and after incubation. Stock solutions (10 mg of metal ion per ml) of the following salts were used: MgSO4. 7H20, MnSO4, CaCl2 2H20, ZnSO4 7H20, and FeSO4 7H20. EFFECT OF Mg2+ ON S. AUREUS PROTEIN PRODUCTION amounts of the chloride or acetate salts of magnesium were used instead of the sulfate: the ratios of TSST-1 produced per 109 CFU in 0.02 mM magnesium to that produced in 1.60 mM magnesium were 48.2 for the chloride salt and 73.9 for the acetate salt. Thus, the effect was attributable to magnesium rather than the anions. Effect of Mg2+ levels on total extracellular protein production. The increase in TSST-1 production under conditions of low Mg2+ was accompanied by a proportionate increase in total TCA-precipitable extracellular protein. The increase in total exoprotein occurred at the same Mg2+ concentrations as that of TSST-1, and both dropped off to parallel levels at 0.4 mM Mg2+ (Fig. 4) . Cell-associated protein, when normalized to CFU, was increased twofold in the low Mg2+ cultures (data not shown). This increase, however, was not as great as that observed for extracellular protein, suggesting that low Mg2+ primarily affected secreted proteins.
Since TSST-1 represents only a small portion of total exoprotein (less than 1%, regardless of Mg2+ concentration), this protein could not account for the increase in total TCA-precipitable protein under limiting Mg2+ conditions. To examine the effect of limiting Mg2+ on individual polypeptides, total culture supernatants were fractionated by SDS-PAGE. Radioactively labeled culture supernatants were used for this experiment to allow for quantitative analysis of the distribution of proteins in each supernatant. There were some differences in the relative amounts of each protein in the two cultures (Fig. 5) . However, the patterns were qualitatively similar. Thus, the elevated level of exoprotein in low Mg2+ cultures was not due to the induction of any new proteins and was most likely the result of a general increase in many, but not all, extracellular proteins.
The effect of limiting Mg2+ on total exoprotein production was not peculiar to TSST-1-producing strains of S. aureus. Thirty-three strains of S. aureus, including TSST-1-positive and TSST-1-negative strains from a variety of clinical settings, were tested for their response to limiting Mg2+. As shown in Table 2 , 30 of these strains produced from 2 to 63 times as much exoprotein when cultured in 0.02 mM Mg2+ than they did when cultured in 1.00 mM Mg2+. Since strain MN8 responded to such a narrow range of magnesium concentrations ( Fig. 3 and 4) , it is possible that the other three strains might respond to lower or higher concentrations of Mg2+. cell-associated TSST-1 levels were measured and compared with extracellular levels of TSST-1. Although TSST-1 was detected in the cell lysates, the levels were substantially lower than the levels of extracellular toxin, whether the organisms were grown in low or high Mg2t (Table 3 (Fig. 1) , the ions tested were not considered to be essential to the organisms in more than trace amounts. At low concentrations of Mg2+, however, higher CFUs were obtained with the addition of Ca2+, or Mn2t (Fig. 2) , indicating that these metals might replace Mg2t to a limited extent in certain cellular processes. For this reason, we evaluated the interactions of Ca2+ and Mn2+ with the Mg2+-mediated effect on toxin and exoprotein production. An increase in the calcium ion concentration to 0.125 mM resulted in decreases in both TSST-1 and total exoprotein production at low levels of Mg2+, but had little effect at higher Mg2+ levels (Fig. 6) Mn2+ solutions, 0.03% and 0.008%, respectively, were not sufficient to account for this effect. Despite a substantial decrease in the maximum levels of exoprotein even in the presence of higher concentrations of Ca2+ and Mn2+, both TSST-1 and exoprotein levels were greater at low Mg2+ than at high Mg2+. In contrast to Ca2+ and Mn2+, the addition of excess Fe2+ (at subinhibitory concentrations) had no effect on TSST-1 or on exoprotein production at either low or high concentrations of Mg2+ (data not shown).
Kinetics of TSST-1 and total exoprotein production. The kinetics of extracellular protein and TSST-1 production and their relation to growth of cultures in low and high Mg2+ are shown in Fig. 7 . When cultured in 1.3 mM Mg2+, the cells multiplied exponentially for 6 h. No extracellular protein could be detected during most of this time. Both total exoprotein and TSST-1 began to appear in culture supernatants during late log phase, and the levels of both increased steadily and in parallel for approximately 24 h.
The cultures grown in 0.02 mM Mg2+ remained in log phase for 18 h and at stationary phase did not reach CFUs equivalent to those observed at higher Mg2+ concentrations. Extracellular proteins began to appear in these cultures after 8 h; however, under these conditions, exoprotein and TSST-1 levels rose rapidly, while the cultures were still in log phase, and exoprotein production leveled off during early stationary phase.
The possibility that this plateau at stationary phase was due to depletion of components of the culture medium was tested. Stock cultures of S. aureus were inoculated in CDM containing either high (0.4 mM, group B) or low (0.02 mM, group A) Mg2+. After 24 h of incubation, the cultures were centrifuged at 1,400 x g for 30 min, and the supernatants were assayed for TSST-1. The organisms were resuspended in the same volumes of fresh CDM containing either low or high Mg2+ and incubated for an additional 24 h. Then the cells were harvested and determinations were made as before (Table 4) . Although the cultures in low Mg2+ produced an increased level of toxin during the first 24 h, they did not produce any more than those in high Mg2+ during the second 24 h whether they had been resuspended in low or high Mg2+ (Table 4) . Conversely, the organisms grown in higher Mg2+ during the first 24 h produced the same low levels of toxin during both 24-h periods, whether they had been resuspended in low or high Mg2+.
Because the growth of cultures can be limited by other means, several of these were tested for their effect on TSST-1 or total exoprotein production. When the phosphate content was reduced to 1.75 mM (and the CDM was buffered with N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
[HEPES]), while Mg2+ remained constant at 1.00 mM, the production of TSST-1 was unaffected; however, this alteration had no significant effect on bacterial growth. Likewise, varying the glucose content of the CDM from 0 to 0.1% had no effect on bacterial growth or TSST-1 production. Reduction of the total amino acid content to 5% of control levels did limit growth of cultures-after a 24-h incubation the CFUs were reduced by 100-fold. This treatment, however, did not cause an increase in the production of TSST-1 or total exoproteins. Similarly, incubation of the cultures at 25°C rather than 37°C substantially reduced their growth rate without affecting exoprotein production.
Response of S. aureus to shifts in Mg2+. The reversibility of the effect of Mg2+ on TSST-1 and total exoprotein production was evaluated as follows. On day 1, organisms were inoculated into CDM containing low (0.02 mM) or high (1.00 mM) Mg2+. On day 2, 10-,ul aliquots were removed from each culture and were inoculated into fresh CDM containing low or high Mg2+. The results of this experiment demonstrated that the organisms were able to recover from the effects of low Mg2+ (Table 1) . Upon the shift to higher Mg2+, both exoprotein and TSST-1 production declined, and CFUs rose to within the range of that observed for cultures initiated in high Mg2+. When organisms were transferred from low Mg2+ to low Mg2+, the increase in exoprotein levels was still observed. In a similar experiment (data not shown), cells were shifted from low to high Mg2+ and then back to low Mg2+. Each time they responded predictably by shifting exoprotein production. The results of these experiments suggest that the response to low Mg2+ was the result Time course of cell proliferation, exoprotein, and TSST-1 production by S. aureus cultured in low or high Mg2'. Organisms (150 ,ul, approximately 107 CFUs) from log-phase cultures were inoculated into 300 ml of CDM containing the indicated Mg2t concentrations in 500-ml Erlenmeyer flasks. The cultures were incubated in a 37°C shaking water bath, and at the indicated times, duplicate 1-ml aliquots were removed from each flask. After removal of aliquots for CFU counts, the organisms were removed by centrifugation, and exoprotein and TSST-1 levels were determined as described in the text.
of a phenotypic adaptation, rather than selection of a subpopulation responding to the different culture conditions.
DISCUSSION
The production of many extracellular proteins by S. aureus MN8 is regulated by the availability of magnesium ions. A CDM devoid of all divalent cations was unable to support growth of S. aureus cultures. The addition of low levels of Mg2t to this medium permitted some proliferation of the organisms and maximal production of TSST-1, as well as other extracellular proteins. Further addition of Mg2t, while increasing proliferation, substantially reduced exoprotein production. A similar effect of Mg2+ has been demonstrated by two other investigators (4, 8) . In studying the production of a cholinesterase-solubilizing factor by Cytophaga sp., Bovallius (4) observed that, while dry weight was diminished, production of the factor was enhanced under conditions of magnesium limitation. More recently, Engels reported that the production of staphylocoagulase by S. aureus was increased by limiting magnesium (8) . It is quite possible that the effect of limiting Mg2+ is common to other organisms as well, but has gone unnoticed since most commercially available culture media contain relatively high levels of Mg2t.
In previous work from this laboratory (14) , metallic ions were removed from brain heart infusion by exposure to a polyacrylate rayon fiber. The medium treated in this manner did not support growth of S. aureus cultures, and Mg2+ was the only metal ion capable of restoring proliferation. Similar results were obtained in the absence of fibers by using the CDM (Fig. 1) . The magnesium ion is required by the organism for DNA, RNA, and polypeptide syntheses; ribosomal stability; glucose utilization; and numerous other enzyme reactions. In some reactions, other cations, particularly Ca2t or Mn2+, will replace Mg2+. This was observed, to some extent, in our studies. Both of these ions improved the proliferative capacity of the organisms under conditions of low Mg2t levels. This effect was most likely due to a replacement of Mg2t in certain reactions rather than an independent activity of Ca2t or Mn2t, since neither had any significant effect at higher concentrations of Mg2t.
Limiting Mg2t affects TSST-1 production, as well as multiplication (14) . In our previous studies, maximum toxin production was observed at 0.2 mM Mg2+, and negligible amounts were detected at lower Mg2t concentrations. In the present study, however, maximum TSST-1 and total exoprotein levels were produced at 5-to 10-fold lower Mg2+ concentrations. The reason for this discrepancy is unclear, although it may be attributable to the differences between the brain heart infusion used in the former study and the CDM used in the present study. The proteins present in brain heart infusion may bind cations to various degrees, thus leaving some of the added Mg2l unavailable to the organisms. Schlievert (19) recently reported that the addition of 0.20 mM Mg2 + to polyacrylate rayon fiber-treated culture medium did not increase TSST-1 production. The dialyzable beef heart medium used in his study presumably contained less protein than our brain heart infusion; thus, as with the CDM, lower concentrations of Mg24 would be needed to increase toxin production. The relation between binding of Mg2+ and components of the culture medium requires further examination, since it is likely that only unbound or loosely bound Mg2+ is available to the organism.
Calcium and, to a lesser extent, Mn2+ were found to diminish the effect of limiting Mg2+ on exoprotein production. Thus, as the Ca2+ or Mn2+ concentration was increased in Mg2+-limited cultures, the elevation in TSST-1 and total exoprotein production became less pronounced. As discussed above, this is most likely attributable to a replacement of Mg2+ by Ca2+ or Mn2+ rather than the reverse, since Mg2+ is apparently the only metallic ion required by the organism in more than trace amounts. Direct proof of this, however, will be difficult to obtain since the staphylococci do not survive without Mg2+.
The inability of cultures grown in limited Mg2+ to reach optimum CFU values led to the suspicion that cells might have been dying and releasing their contents, thus increasing the extracellular protein content. Alternatively, faulty cell wall synthesis as a result of low Mg2+ might lead to leaky cells. Both of these explanations seem unlikely in light of several observations. First, only negligible amounts of cellassociated TSST-1 were detected in organisms grown under any conditions. Thus, leakage could not contribute substantial amounts of toxin to the medium. Second, the intracellular enzyme lactate dehydrogenase was not detected in culture supernatants, although it was present in ample amounts in lysed cells. Third, levels of TSST-1 and total exoprotein production were maximal after 24 to 28 h of growth in low Mg2+ and began to level off thereafter. One would expect Although it was anticipated that the metalloprotease produced by S. aureus might be inhibited in the cultures grown in low Mg2+, the addition of Mg2+ to supernatants from cultures grown in low Mg2+ did not initiate degradation of staphylococcal exoproteins. Serine protease, the other major protease produced by S. aureus, was not present at significant levels in these cultures either, since the addition of phenylmethylsulfonyl fluoride had no effect on exoprotein levels in cultures grown in high or low Mg2+. Thus, although TSS-associated strains of S. aureus produce increased levels of proteases under some conditions (21), they apparently do not produce any detectable levels of protease in CDM.
Although the mechanism of the limiting Mg2+ effect is still unclear, several hypotheses can be offered based upon the resulted presented here. A slower rate of growth in low Mg2+ was observed almost immediately after inoculation of the cultures (Fig. 7) . Extracellular protein was first detected in both high-and low-Mg2+ cultures after 8 h of growth, by which time the quantitative differences were already apparent. From these observations, we can conclude that the effect of Mg2+ must be initiated during log phase. In support of this, no differences were observed when cells in stationary phase were transferred to conditions of limiting Mg2+ (Table  4) . Furthermore, after 24 h of incubation, cell-associated levels of Mg2+ were comparable despite large differences in extracellular Mg2+ (unpublished data). Thus, by late stationary phase the cell may have adapted to conditions of low Mg2+, perhaps by increasing production of teichoic acid, the cell wall component responsible for binding Mg2+ (9) . Such an effect has been observed in B. subtilis (7) . The increase in exoprotein production might occur during the period of adaptation.
An increase in extracellular protein could be explained by increased synthesis of all proteins or by increased synthesis or secretion of exoproteins only. In the present study, the effect seemed to be on exoproteins only. Although there was some increase in cell-associated protein, this increase was not as consistently great as that of extracellular protein. Moreover, lactate dehydrogenase, an enzyme found only intracellularly, was not increased in the organisms cultured in low Mg2+. Since extracellular proteins are produced intracellularly, one might expect to see some increase in intracellular protein due to the presence of incomplete polypeptides. In addition, many proteins of the cell membrane are synthesized by the same mechanism as secreted proteins (6) and may be regulated by similar factors, thus contributing to an increase in cell-associated protein.
